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Abstract 
The article deals with a part of structural health monitoring (SHM) of in scale model. Investigated experimental model is similar 
to the bridge situated in the western part of Slovakia. After laboratory tests, the work continued with in-situ monitoring of original 
bridge. During the first stage of testing only the basic dynamic characteristics - mass and stiffness have been verified. Therefore, 
the different boundary conditions were assumed and namely boundary conditions for cantilever beam instead of those for simply 
supported beam. This set up allowed for easier construction of boundary conditions. Many difficulties have occurred during the 
preparation and validation, e.g. different thickness of individual cross-sections, modelling of hinge joints according to the 
experimental model, modelling of real supports, appropriate parameters of bolts, etc. It was necessary to measure every single 
cross-section because of the big variation between them. The emphasis was done to modelling of the selected joints especially of
the set of 6 bolts on two diagonals of the bridge. The changes in dynamic characteristics according to the different numbers of bolts 
in a joint have been measured. At the beginning, the natural frequencies were calculated and compared with the test for both cases 
of model boundary conditions. Modal analysis of the structure was performed in FEM software ANSYS. After a few steps of 
tuning, the result was sufficiently precise and the difference between measured and analyzed results was small. Finally, the test set 
up and numerical model similarity was quite acceptable. The next step which is currently being started is the investigation of the 
damage in joints of two diagonals. The methodology of dynamic testing appropriate for the identification is now being verified.
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1. Introduction 
In these days, structural health monitoring (SHM) and also system identification of bridges is reaching popularity 
among scientists [1-4]. The reasons can be the increasing safety claims of new-constructed bridges and buildings, and 
optimization of service costs. The important worldwide fact is also that bridges are usually obsolete. According to the 
paper [5], bridge structures in the USA are 43 years old in average. Situation in Slovakia is partly the same. The bridge 
structures are a few years older in average, according to the paper [6]. In addition, insufficient maintenance during 
service time and also the increasing number of vehicles have caused poor technical conditions of bridges in Slovakia. 
This situation can result into a necessity of a later expensive complete renovation. The mentioned fact is confirmed by 
one of the last accidents from Pittsburgh in the USA. The 94-year-old Greenfield Bridge had to be demolished and 
substituted by a new one. The SHM of bridge structures can help to prevent the stated situations. Therefore, this paper 
deals with SHM of an experimental model of a truss beam. 
2.     Theoretical principle 
The MAC (Modal Assurance Criterion) value, respectively Cross-MAC value, was used to obtain validated and 
verified FE model. The MAC value can also be used for the evaluation and identification of a damage of structures. 
The method is based on a direct comparison of mode-shapes and the method is described in papers [7-10]. The MAC 
value can be either 0 (absolute incompatibility in mode-shapes) or 1 (for full compliance of mode-shapes).  
3. Experimental measurements 
3.1. Experimental model 
The boundary conditions of the experimental model were used variously. The first setup was a simply supported 
beam. The span was 2520 mm long. The second setup was a cantilever beam. The cantilever had the overhang with 
length of 1890 mm, see in Fig. 1.  
Fig. 1. Experimental models (a) The simply supported beam; (b) The cantilever beam (distances in mm). 
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The cross-section of the steel truss was the same for both variants. It was a closed section with a width of 230 mm 
and a height of about 320 mm. Diagonal members of the truss beam form a 45° angle with the bottom and/ or with the 
upper chords. The experimental model has been completely weighed. 
3.2. Measurements 
Firstly, the simply supported beam was measured and then the work proceeded to the cantilever beam. 
Accelerometers were placed at 22 points according to the papers [11,12] and the paper [13]. Magnets were used for 
mounting of accelerometers. The air temperature and relative humidity were measured during the laboratory 
measurements because of the possible influence on the repeated dynamic measurements in the future. The air 
temperature reached approximately 20 °C and the relative humidity was at around 59%. Finally, 40 data sets (20 for 
the simply supported beam and 20 for the cantilever beam) of were acquired. The length of data set was 10 seconds. 
Analysis of the measurement data was done in software ModalVIEW R2 and the first mode-shape of the cantilever 
beam can be seen in Fig. 2.
Fig. 2. The 1st measured mode-shape in Y direction. 
4. Validation of a numerical model 
As the second step, validation and verification of an initial FE model had to be done with the measured data from 
the experiments. The FE model was created using ANSYS software. The truss beam was analyzed in 2 variants. The 
both variants were considered to achieve the best model similarity.  
Firstly, cross-sectional dimensions and other characteristics of elements of the system were carefully measured. 
Different thickness of individual cross-sections was one of the occurred difficulties during the validation and 
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verification. It was very important to know all dimensions because of the dependency between the basic dynamic 
characteristics and mass and stiffness of the investigated construction. The numerical model has also considered the 
weight of the used accelerometers and the used exciter. Concentrated mass was modelled as an element MASS21. The 
value of 7.25 g/cm3 was used for the material density of steel and then the whole mass was adjusted to the weight of 
the experimental model.  
On the other hand, a beam element model was prepared, but correlation between the experimental and initial 
analytical modal data was not satisfying enough. Then, the elements SHELL63 were mainly chosen and the correlation 
was better. The consideration of boundary conditions for each variant of FE models was dependent on appropriate 
engineering judgement, so it was set up at the next step. Modelling of the hinge joints for the second diagonal members, 
which were exposed to compression, was done as the final step.  
Finally, modal analysis was done after each validation and verification step. You can see the first calculated mode-
shape of the cantilever beam after updating procedure in Fig. 3.  
Fig. 3. The 1st calculated mode-shape in Y direction. 
5. Results 
Total weight of the beam was approximately 23 kg. The difference in weight of the FEM model and the 
experimental model was low (only 0.44 %). After that, the comparison of the natural frequencies was done. The 
comparison for the simply supported beam can be seen in Table 1.  
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Table 1. Comparison of frequencies for the simply supported beam. 
No. of the global mode-
shape (direction) 
A - Measured 
frequency (Hz) 
B - Calculated 
frequency (Hz) 
Error (%) 
ሺ஺ି஻ሻ
୫ୟ୶ሺ୅ǡ୆ሻ
1st – in Y direction 36.8 36.32 1.384 
2nd – in Z direction 68.53 68.40 0.189 
3rd – around X axis 68.73 67.82 1.324 
The same comparison for the cantilever beam is displayed in Table 2. 
Table 2. Comparison of frequencies for the cantilever beam. 
No. of the global mode-
shape (direction) 
A - Measured 
frequency (Hz) 
B - Calculated 
frequency (Hz) 
Error (%) 
ሺ஺ି஻ሻ
୫ୟ୶ሺ୅ǡ୆ሻ
1st – in Y direction  14.81 14.71 0.675 
2nd – in Z direction  25.33 25.08 0.987 
3rd –  around X axis  35.42 34.93 1.383 
The letter A represents the mode-shapes from the measured data and the letter B is used as a mark for the calculated 
mode-shapes. 
Finally, the first three global mode-shapes were compared using the software ModalVIEW R2 through Cross-MAC 
values. The result of updating of FE models were cross-MAC values close to 1 for mode-shapes with index i = j, 
which is shown in Fig. 4., but it was done only for the cantilever beam. The same marks of modes-shapes were also 
used for Fig. 4. 
Fig. 4. Cross-MAC values. 
6. Conclusions 
The FE model updating allows to reach validated and verified FE model, which was mentioned in the previous 
chapter. Provided that complete characteristics of the cross-sections are available the model similarity can be 
effectively used for real structures in the next part of research, e.g. bridge structure over the Vah River channel which 
will be the aim of the next investigation. The good model similarity can simplify the procedure of damage modelling 
for system identification. 
679 Milan Sokol and Michal Venglar /  Procedia Engineering  161 ( 2016 )  674 – 679 
Acknowledgements 
This paper has been supported by the Slovak Research and Development Agency (SRDA) – grant from research 
program No. APVV-0236-12. 
References 
[1] S. Chen, M. Su, Y. Liu, Q. Wang, Vibration Remote Monitoring System of Continuous Steel Truss girder for the Wuhu Yangtze River Bridge. 
in: The 14th World Conference on Earthquake Engineering, 2008. 
[2] H. Guan, M.V. Karbhari, Web Based Structural Health Monitoring (SHM), in: Encyclopedia of Structural Health Monitoring. Wiley & Sons 
Ltd, Chichester, 2009, pp. 1467–1476. 
[3] H. Wenzel, Health Monitoring of Bridges, John Wiley & Sons Ltd, Chichester, 2009. 
[4] P. Favai et al., Bridgemon: Improved monitoring techniques for bridges, in: Civil Engineering Research in Ireland Belfast, UK, 2014, pp.179–
184. 
[5] T.M. Ahlborn et al., The State-of-the-practice of modern structural health monitoring for bridges: A comprehensive review, Michigan TECH, 
Michigan, 2010. 
[6] P. Paulik, Bridges in Slovakia, Jaga, Slovakia, 2014. 
[7] S.W. Doebling, C.R. Farrar, M.B. Prime, Summary Review of Vibration-Based Damage Identification Methods, The Shock and Vibration 
Digest, 3 (1998) 91–105. 
[8] H. Guan, M.V. Karbhari, Vibration-Based Structural Health Monitoring of Highway bridges, Report Number CA06-0081, University of 
California, San Diego La Jolla, 2008. 
[9] L.Wang, T.H.T. Chan, Review of vibration-based damage detection and condition assessment of bridge structures using structural health 
monitoring, in: The Second Infrastructure Theme Postgraduate Conference: Rethinking Sustainable Development: Planning, Engineering, 
Design and Managing Urban Infrastructure, Faculty of Built Environment and Engineering, Queensland University of Technology, 2009. 
[10] E.P. Carden, P. Fanning, Vibration based condition monitoring: A review, Structural Health Monitoring, 4 (2004) 355–377. 
[11] J.S. Wilson, Sensor Technology Handbook, Elsevier/ Newnes, MA, USA, 2005. 
[12] J.S. Wilson et al., Test and Measurement: Know It All, Elsevier/Newnes, MA, USA, 2009. 
[13] Z.Y. Shi, S.S. Law, L.M. Zhang, Optimum sensor placement for structural damage detection, Journal of Engineering Mechanics, 11 (2000), 
1173–1179. 
